Abstract Canopy conductance (g c ) is a critical component in hydrological modeling for transpiration estimate. It is often formulated as functions of environmental variables. These functions are climate and vegetation specific. Thus, it is important to determine the appropriate functions in g c models and corresponding parameter values for a specific environment. In this study, sap flow, stem water potential, and microclimatic variables were measured for three Drooping Sheoak (Allocasuarina verticillata) trees in year 2011, 2012, and 2014. Canopy conductance was calculated from the inversed Penman-Monteith (PM) equation, which was then used to examine 36 g c models that comprise different response functions. Parameters were optimized using the DiffeRential Evolution Adaptive Metropolis (DREAM) model based on a training data set in 2012. Use of proper predawn stem water potential function, vapor pressure deficit function, and temperature function improves model performance significantly, while no pronounced difference is observed between models that differ in solar radiation functions. The best model gives a correlation coefficient of 0.97, and root-mean-square error of 0.0006 m/s in comparison to the PM-calculated g c . The optimized temperature function shows different characteristics from its counterparts in other similar studies. This is likely due to strong interdependence between air temperature and vapor pressure deficit in the study area or Sheoak tree physiology. Supported by the measurements and optimization results, we suggest that the effects of air temperature and vapor pressure deficit on canopy conductance should be represented together.
Introduction
Vegetation plays an important role in land surface hydrological processes, and coordinates the landatmosphere interactions in a wide range of spatial scales [Dickinson, 1987; Avissar and Pielke, 1989; Chen et al., 1996; LeMone et al., 2007] . It regulates water transport in the soil-plant-atmosphere continuum by means of stomata behavior [Rao and Agarwal, 1984; Alfieri et al., 2008] . Among approaches of quantifying this regulation, the ''big leaf'' model in the Penman-Monteith (PM) equation [Monteith, 1981] has been widely discussed and applied [Leuning and Foster, 1990; Lu et al., 2003] . The PM equation represents bulk stomata behavior as canopy resistance (r c ), and assumes that stomata and canopy resistance have the same influencing factors [Lhomme et al., 1998 ], including air temperature (T), vapor pressure deficit (D), solar radiation (R s ), CO 2 concentration, soil water content (h), and leaf water potential (w l ) [Jarvis, 1976; Tuzet et al., 2003; Damour et al., 2010] .
Response of canopy conductance to the influencing factors has been incorporated into land surface models for transpiration estimate, such as in Noilhan and Planton [1989] . Many studies constructed canopy conductance model following the Jarvis-Stewart approach [Jarvis, 1976; Stewart, 1988] , which calculated canopy conductance from a maximum stomatal conductance by applying different stress functions related to influencing factors. For example, Thorpe et al. [1980] presented stomatal conductance of apple trees in terms of photon flux density and leaf to air vapor pressure gradient; Ball et al. [1987] and Collatz et al. [1991] linked stomatal conductance to CO 2 assimilation using a function of intercellular CO 2 concentration and leaf-level relative humidity; White et al. [1999] related canopy resistance to solar radiation, air temperature, and vapor pressure deficit for eucalyptus trees; Lu et al. [2003] modeled grapevine canopy conductance with solar radiation and vapor pressure deficit. More similar studies can be found in a recent review paper by Damour et al. [2010] .
The gradient of water potentials in soil, stem, and leaf drives water transport in the soil-plant-atmosphere system [Vandegehuchte et al., 2014b] . Plant water potential is a sensitive indicator for vegetation water status [Chon e et al., 2001; Nortes et al., 2005] and is constrained by stomata regulation of transpiration [Meinzer et al., 2008] . Leaf water potential has been discussed in stomata regulation of water transport in a few studies [Jarvis, 1976; Comstock and Mencuccini, 1998; Macfarlane et al., 2004; Misson et al., 2004] . Plant water potential is less favorable in vegetation water use and canopy conductance modeling, due to the difficulty in measuring leaf/stem water potential continuously. Many studies after Jarvis [1976] used soil water content [Stewart, 1988; Gash et al., 1989] instead of plant water potential. However, most soil water content measurements only cover shallow soil layers up to 2 m deep, commonly within 50 cm [Whitley et al., 2008] . Those measurements can reflect water availability to vegetation with shallow root systems; however, it is doubted that they can capture the whole picture of water uptake for vegetation with deep roots, because the ''wet'' zones in the soil are progressively deeper during soil drying cycles [White et al., 2003] , and some vegetation can access groundwater storage in dry periods [Murray et al., 2003; Eamus and Froend, 2006] . In addition, storage of water in trees can also contribute to a certain proportion of the daily sap flux, especially when soil dries up [Edwards and Jarvis, 1982; Tyree and Yang, 1990; Phillips et al., 1996; Meinzer et al., 2004] . Predawn stem water potential (w pd ) can be taken as a good approximate of root-zone soil water condition [Palmer et al., 2010] , because water potential is in equilibrium within the entire soil-plant continuum [Richter, 1997] at predawn. Recent technical advance allows monitoring stem water potential continuously [Patankar et al., 2013; Yang et al., 2013; Vandegehuchte et al., 2014b Vandegehuchte et al., , 2014a , which makes it more feasible to investigate the relationship between vegetation water use and stem and root-zone water potential.
The stress of each influencing factor on canopy conductance is site specific and has been expressed differently among studies. Selection of response functions in many studies is somewhat arbitrary, without an explanation on why they, not others, were chosen. We hypothesize that selecting the appropriate functions will lead to better simulations of canopy conductance. The primary objective of this study is therefore to test this hypothesis by comparing simulation results from various response functions. The effect of temperature on canopy conductance is often neglected without quantitative evidence [Mascart et al., 1991; Lhomme et al., 1998 ]. Significance of the temperature effect is specifically examined in this study. Measurements of sap flow and stem water potential were conducted on Drooping Sheoak trees (Allocasuarina verticillata) in Adelaide, South Australia. This species is endemic to Australia, and widely distributed from Queensland to Tasmania and westward to South Australia. Its ability to develop extensive root systems in poor coastal soils (including sand dunes) makes it a valuable soil stabilizer. It is also valued for its provision of habitat for cockatoos [Chapman and Paton, 2007] . The areal extent of Drooping Sheoak has dramatically decreased in South Australia since the European Settlement [Peeters et al., 2006] . Although climate is known to cause Drooping Sheoak mortality [Peeters et al., 2006] , little specific research has been conducted on its water use in response to environmental variables.
Methodology

Site Description
The study site is near the campus of Flinders University (138 34 0 28 00 E, 35 01 0 49 00 S). Ground surface is covered by sparse trees with short shrubs and grass at substrate. Soil type is characterized as sandy mixed with gravel. This soil condition makes it difficult to bury soil moisture probes for water content measurement near the trees.
The site is in Mediterranean climate zone. Annual mean temperature is about 17 C, and annual rainfall is around 546 mm, most of which occurs in May-September . Three Drooping Sheoak trees were selected for sap flow and stem water potential measurements in this study. Measurements were conducted in March-May 2011 (31 days) on tree 1 [Yang et al., 2013] , January-April and October-December 2012 (150 days) on tree 2, and April-June 2014 (27 days) on tree 3.
Sap Flow and Stem Water Potential Measurements
Sap flow was monitored at 30 min intervals in the tree trunks at 1.3 m above ground using the compensation heat-pulse technique (HPV) [Green and Clothier, 1988] for tree 1 in 2011 and tree 2 in 2012, and heat ratio method (HRM) [Burgess et al., 2001] One temperature probe was installed 10 mm above the heater and the other 5 mm below the heater. Two sets of such probes were installed in the south and north sides of tree trunks. For HRM method, two thermocouples are embedded at 12.5 and 27.5 mm underneath the cambium. Two temperature probes were symmetrically installed at 5 mm above and below the heater probe. All temperature sensors were located in sapwood and captured sap flux of the three trees. Volumetric sap flow was calculated from heat transport velocity and corrected for wounding, sapwood area, volume fraction of wood and water following Green et al. [2003] and Burgess et al. [2001] for the two methods, respectively. Transpiration was converted from volumetric sap flow by the corresponding projected canopy area.
Stem water potential (w st ) was measured at 15 min intervals with PSY1 Stem Psychrometers (ICT International Pty Ltd., NSW, Australia), which was developed by Dixon and Tyree [1984] and has become commercially available in the last a few years. PSY1 measures the temperature of sapwood surface and chamber air, and stem water potential is corrected with the temperature gradient [Dixon and Tyree, 1984] . Recently, PSY1 has been applied in studies on different species, such as Drooping Sheoak [Yang et al., 2013] , two mangrove species [Vandegehuchte et al., 2014b] , and two betula species [Patankar et al., 2013] . Predawn stem water potential (w pd ) was taken from the average of w st between 3:00 A.M. and 5:00 A.M., with the assumption that water potentials in the tree and root-zone soil have reached an equilibration at this time after water redistribution in the plant-soil system.
Canopy Conductance Model Construction
The main objective of this study is to select a proper canopy conductance model for a specific environment. Although a two-leaf model that calculates water, carbon, and energy fluxes for both sunlit and shaded leaves [Wang and Leuning, 1998 ] is considered better than the big-leaf model [Dai et al., 2004] , the latter is still the most commonly used one for transpiration estimate in land surface models. Therefore, we follow previous studies such as Lu et al. [2003] 
R n is net radiation, G is ground heat flux, both in W/m 2 ; LAI is leaf area index; j is extinction coefficient, prescribed as 0.7 following [Yang et al., 2013] . Other variables in equation (1) are calculated according to FAO irrigation and drainage paper 56 [Allen et al., 1998 ].
We consider four factors that influence the canopy conductance, which are air temperature (T), vapor pressure deficit (D), solar radiation (R s ), and predawn stem water potential (w pd ). Canopy conductance is modeled following Jarvis-Stewart approach [Jarvis, 1976; Stewart, 1988] .
where g focus on two commonly used functions for each factor (from Table 1 and studies cited in this section), and combine them in different ways, then the most appropriate model is determined by comparing simulation results.
One of the solar radiation functions is adopted from Stewart [1988] in equation (4a), in which R sH is the approximate maximum solar radiation, and given 350 (W/m 2 ) for daily step calculations according to the measurements. Another response function that is widely used in land surface models is given in equation (4b) [Chen and Dudhia, 2001] . The effect of vapor pressure deficit is expressed exponentially (equation (5a)) in Whitley et al. [2009] , and linearly (equation (5b)) in other models [Stewart, 1988; Noilhan and Planton, 1989] . In both equations, k D is a fitting parameter [kPa 21 ].
A second-order polynomial function of air temperature T (in C) in equation (6a) is originally proposed by Jarvis [1976] and used in SiB model [Sellers et al., 1986] , and extended by Dickinson [1984 Dickinson [ , 1987 . Temperature function in Jarvis [1976] is essentially the same with that in Dickinson [1984 Dickinson [ , 1987 , and it requires specification of the optimum, upper-limit and lower-limit temperatures. In this study, we choose the temperature function in Dickinson [1984] . Equation (6b) is a linear model used in Stewart [1988] . T o is the temperature [ C] at which transpiration rate reaches the maximum. In equations (6a) and (6b), k T is a fitting parameter.
For stem water potential, the relationship given in equation (7a) is adopted from Jarvis [1976] and that in equation (7b) is from Choudhury and Idso [1985] and Lhomme et al. [1998] . Root water uptake model described by Feddes et al. [1978] gives a relationship between plant water stress and soil water potential: under extremely dry and wet conditions, transpiration rate is assumed to be zero, and in a certain range of soil water potential, transpiration reaches the highest rate; and in other soil moisture conditions transpiration is linearly related to soil water potential. Following this pattern, we propose an upper and a lower limit for stem water potential (w u and w l ) at which tree transpires water at the maximum and zero rates respectively; when potential is between w l and w u , f(w pd ) is linearly interpolated. The function is given in equation (7c). Parameter w m (MPa) in equation (7a) is the value of w pd at which f(w pd ) extrapolates to 0; w m in equation (7b) gives the water potential limit beyond which the transpiration is strongly limited by water stress [Lhomme et al., 1998 ]. In both equations, k w is a fitting parameter. 
Model Selection and Parameter Optimization
Canopy conductance models were examined at daily time step. Measurements on tree 2 in 2012 covered the longest period including both dry and wet days (mostly in dry warm season) compared to the other two trees. Data from tree 2 on rainy days were filtered out, the rest were divided into two groups (one contains data in the order of 1, 3, 5, . . . and the other 2, 4, 6, . . ., respectively). The first group was used to train the model, and the second group was used to test the model. Data collected on tree 1 in 2011 and tree 3 in 2014 were also filtered and used for model testing.
Unlike some studies using only two or three response functions (examples in Table 1 ), we presume that four factors are all functioning significantly in regulating the canopy conductance. Therefore, we first examined 24 combinations of the functions (equations (4a)-(7c)), and then tested the importance of temperature by setting f(T) to 1 (giving 12 additional models) and comparing the results with those using equations (6a) and (6b). The 36 model constructions are illustrated in Figure 1 . Parameters for each g c model were Choudhury and Idso [1985] Thetford Forest, Norfolk, England respectively. Most days in the measurement period for tree 3 were cloudy or rainy, which affected the data quality in this period. Figure 2 shows that the changes of air temperature (T) and vapor pressure deficit (D) with time are similar. Stem water potential (w st ) responds to rainfall sensitively in dry periods. After rainfall occurs, w st increases quickly to a high value within a short time range such as a few hours, which depends on the rainfall amount and duration. The relationship among stem water potential, solar radiation, and tree water use indicates that tree water use is mainly constrained by water availability rather than energy in summer. Particularly, daily stem water potential decreased continuously from October to December of 2012 (Figure 3 ), when soil became drier. Transpiration rate also decreased during this period. Stem water potential data indicate that Sheoak recovers xylem water storage in nighttime and likely has reached an equilibrium state before predawn (Figures 2 and 3) . The daily average difference between the maximum stem water potential (around predawn) and minimum stem water potential (late afternoon 15:00-16:00) was around 1 MPa for clear days in dry season (Figure 3 ).
Relationship between canopy conductance and the four influencing factors (T, D, R s , and w pd ) is given in Figure 4 for three trees in different measurement periods. The calculated canopy conductance was larger in spring and autumn than in summer. The maximum canopy conductance was observed in early October 2012 after the rainy season, about 0.015 m/s.
Model Optimization and Comparison
To compare the conductance models and determine the most appropriate one, we calculated correlation coefficient (r), root-mean-square error (RMSE), and slope of linear regression (with zero intercept) between simulated and calculated g c from equation (1) for each model based on the training and testing data sets.
Results are given in Figure 5 . We notice that the results of model testing based on data set of 2012, reflected in correlation coefficients, RMSE, and slopes, appear better than those from model calibration based on the training data set of 2012, which is against our intuition. A careful check suggests that this is because some extreme large conductance values were accidentally allocated to the training data set. The calibrated models with training data from tree 2 in 2012 were also applied for tree 1 in 2011 and tree 3 in 2014 for testing.
Results showed consistent overestimation of canopy conductance for these two trees (fitting slopes larger than 1, Figure 5c ). In this exercise, we assumed a constant g max which was obtained from training data of tree 2 collected in spring, summer, and early autumn, while the data of tree 1 and tree 3 were collected in midautumn and late autumn. Figures 5 and 6 show the influence of stress function selection on model performance, and hence suggest the appropriate functions that better fit the calculated canopy conductance. When equations for T, D, and R s are the same, models using equation (7b) for predawn stem water potential (the middle one of each group of three models in the queue, Figure 5) give better results than models using equations (7a) and (7c). For example, in models 1-3, the correlation coefficient of the training data is 0.94, 0.97, and 0.90, and the root-mean-square error is 0.0009, 0.0006, and 0.0011 m/s. This is particularly clear in Figure 6d , where the results from equation (7b) (pentagrams) appear to be better than those from equations (7a) and (7c) (circles and dots) in terms of both r testing and RMSE. When equations for D, R s , and w pd are the same, models with a temperature function fit calculated g c better than those without a temperature function. For example, in Figure 5 , models 2 and 5 give higher correlation coefficients and lower RMSE than model 8, and Figure 6c shows that results from equation (6a) (circles) are better than those from equation (6b) (pentagrams); results from models without temperature function (dots) appear to be the worst. Therefore, temperature plays a significant role in canopy conductance modeling and should not be neglected. Figure 6b shows that models using equation (5a) for vapor pressure deficit generate better results than those using equation (5b). Models using the two solar radiation functions give similar results, which implies that it does not matter much which of the two response functions, i.e., equations (4a) and (4b) symbolized by circles and dots in Figure 6a , is used in canopy conductance models.
From statistical results in Figures 5 and 6 , model 2 is considered the most suitable model in this study and given in equation (8). This model comprises equation (4a) 
Comparison between the calculated g c from equation (1) and simulated g c from model 2 for three trees is given in Figure 7 . The maximum stomatal conductance g max for this model is 0.0076 m/s; the equivalent minimum stomatal resistance for the Droop Sheoak trees is 132 s/m. This number is close to that used in Noah land surface model, which is one of the land surface models used in the Weather Research and Forecasting model [Hong et al., 2009] , the North American Land Data Assimilation System [Mitchell et al., 2004] , and the High-Resolution Land Data Assimilation System . In Noah, the minimum stomatal resistance for needle-leaf evergreen trees is 150 s/m [Chen and Dudhia, 2001; Kumar et al., 2011] . Transpiration in this study is converted from volumetric sap flow by the projected canopy area. This area may underestimate the effective coverage of the tree for transpiration calculation, thus underestimate the canopy resistance. Nevertheless, this uncertainty of transpiration estimation does not change the model selection results.
Parameter Values
Relationship between parameters and correlation coefficient for the testing data set (r testing ) from tree 2 in 2012 is examined and shown in (Figures 8e and 8f ). Correlation coefficient is always smaller than 0.95 when using equation (7a) for predawn stem water potential. The values of k Rs ranges from 0 to 10 W/m 2 for both equations (4a) and (4b) (Figure 8b) . The values of k D for equation (5b) is less variable than that for equation (5a). The parameter values discussed above were derived based on daily data.
The simulation results of k T for equation (6a) are negative for all models that use this temperature function (Figure 8d ), for example, the one in equation (8) is 20.0128. This results in f(T) greater than 1, which is not compatible with the principle of equation (3) that f(T), f(R s ), f(D), and f(w pd ) should lie between 0 and 1 [Stewart, 1988] . Figure 4 shows that the relationship between g c and T is similar to g c and D. This relationship is different from the ones illustrated in other studies such as Jarvis [1976] and White et al. [1999] in which the relationship fits the ''downward'' parabolic curve, as is also shown in Noilhan and Planton [1989] and Chen et al. [1996] with k T 5 0.0016 for the same equation. The important assumption of analyzing the relationship between canopy conductance and influencing factors is that the factors should be independent of each other [Macfarlane et al., 2004] . However, it is difficult to distinguish the effects of T and D on canopy conductance, because T and D are usually highly correlated [Alves and Pereira, 2000] . This correlation is especially strong in this study, showing a linear correlation coefficient of 0.92, which explains the similar relationship between g c -T and g c -D (Figure 4 ). To examine if the negative k T only applies to tree 2 in 2012 or it also applies to other sheoak trees in other years, we ran the DREAM optimization with data from tree 1 in 2011 and tree 3 in 2014. Results also gave negative k T values.
The measurements and optimization results suggest that effects of air temperature on canopy conductance are not appropriately expressed by f(T) in this study. We further examined the relationship between functions of temperature and vapor pressure deficit in model 2 ( Figure 9 ) using all data from tree 2 in 2012, by comparing f(T), f(D), and f(DT) which is the product of f(T) and f(D). The results show that when T is between 18 and 22 C, f(DT) is almost the same as f(D), which implies that the influence of temperature on canopy conductance is very small in this temperature range. However, when T is below 18 C, f(DT) is apparently larger than f(D) but smaller than f(T); when T is above 22 C, f(DT) is also larger than f(D), but to a small degree. Mostly, the values of f(DT) lies between 0 and 1, consistent with the principle of a stress function [Stewart, 1988] . Therefore, we suggest that the effect of vapor pressure deficit and air temperature should be combined into one, such as f(DT).
Conclusions
Stomata regulation of water transport in the soil-plant-atmosphere continuum is vegetation and climate specific. Different models are used to quantify this regulation to help understand climate control on tree water use by relating stomata conductance to environment conditions. Different response functions are presented in literature for conductance modeling for different species and climate conditions. We constructed canopy conductance models by combining the commonly used functions in different ways and selected the best one for our study species and climate. The method in this study shows a success in selecting the suitable canopy conductance model. This optimization method should also be applicable in other environment, even with different response functions, provided that enough data are collected for the targeted influencing factors.
Selection of response functions is very important for canopy conductance modeling. For Drooping Sheoak in this study, models that better simulate canopy conductance comprise a parabolic function of air temperature, an exponential function of vapor pressure deficit and a hyperbolic function of predawn stem water potential. Selection of either of the solar radiation functions does not make significant difference in the model performance. Canopy conductance models that take temperature functions into account resulted in better simulations than those without a temperature function. Therefore, temperature effect should not be neglected in canopy conductance model. The resulted temperature stress function gives values greater than 1, which is considered to be associated with highly interdependence of air temperature and vapor pressure deficit. Combined stress function of air temperature and vapor pressure deficit suggests a sound physical meaning with the values between zero and unity.
